The diets of the wolf spiders Pardosa pseudoannulata and Pirata subpiraticus were elucidated by direct observation in paddies from July to September 2000. In July, dipterous insects were the most numerous prey consumed by P. pseudoannulata and the second numerous prey consumed by P. subpiraticus, comprising over 50% and over 20% of their respective diets. In contrast, in August, the proportion of dipterous insects decreased dramatically and hoppers were the most numerous prey, comprising over 60% and over 70% of all insects and spiders consumed by P. pseudoannulata and P. subpiraticus, respectively. In September, predators such as wolf spiders and aquatic Heteroptera were frequently observed in their diets. Overall, the green rice leafhopper, Nephotettix cincticeps, was the most numerous prey consumed by P. pseudoannulata and P. subpiraticus, followed by chironomids.
INTRODUCTION
Spiders are important predators of insect pests in agroecosystems because of their abundance and high predatory potential (Riechert and Lockley, 1984; Nyffeler and Benz, 1987; Wise, 1993) . Wolf spiders (Araneae: Lycosidae) are potential biological control agents in paddies (Itô et al., 1962; Kawahara et al., 1974; because they are one of the most abundant predators in these habitats (Kiritani et al., 1972; Kawahara et al., 1974) . Kiritani et al. (1970 Kiritani et al. ( , 1972 conducted a life-table analysis of the green rice leafhopper, Nephotettix cincticeps (Uhler), in paddies and concluded that Pardosa pseudoannulata (Bös. et Str.) was the most important predator of this hopper. Sasaba et al. (1970) investigated the functional response of P. pseudoannulata and found that this species had high potential as a predator of N. cincticeps. suggested that Pardosa ramulosa (McCook) was an important predator of the aster leafhopper, Macrosteles fascifrons Stål, in rice paddies in California.
To successfully suppress pests in agroecosystems, it is necessary to maintain a high spider density. The augmentation of spider densities in agroecosystems could involve the following three processes: restricting chemical pesticide application, promoting habitat diversification, and utilizing allochthonous inputs (Riechert, 1999) . The use of allochthonous inputs from the detritus food chain provides alternative prey for spiders, especially in the early crop season, when pest populations are low. The spider population will build early in the crop season by feeding on detritivores and may then suppress pest populations late in the season.
Previous studies have shown that Collembola from detritus compromise a major source of alternative prey for spiders in Western upland fields (Sunderland, 1975; Sunderland et al., 1986; Kajak, 1995) . Halaj and Wise (2002) documented that an increased density of collembolids, in response to the addition of detritus, can lead to increased numbers of spiders and other predators. Using poly-merase chain reaction (PCR) to detect the remains of Collembola, Agusti et al. (2003) showed that linyphiid spiders consume collembolids, which are of very high nutritional quality to spiders as suggested by the results of rearing experiments (Marcussen et al., 1999; Toft and Wise, 1999) .
In a similar process, dipterous insects that occur in detritus have been regarded as an important alternative prey for spiders in early paddies (Hidaka, 1990; Settle et al., 1996; Tanaka, 2003) . Chironomids are among the most abundant insects in paddies, and chironomid populations peak early in the rice growing season (Ikeshoji et al., 1980) . Some reports have indicated that spider densities are positively correlated with the abundance of dipterous insects, including chironomids (Hidaka, 1990; Murata, 1995; Settle et al., 1996) . However, there is no direct evidence that spiders prey on dipterous insects in paddies.
In this study, we quantified the diet of the wolf spiders P. pseudoannulata and Pirata subpiraticus (Bös. et Str.) in paddies by direct observation. The study was conducted in no-tillage paddies because the densities of wolf spiders decrease dramatically after tilling in conventional tillage paddies (Kawahara et al., 1974; Widiarta et al., 1991) even early in the crop season (Ishijima et al., 2004) , which is the most convenient for direct observations.
MATERIALS AND METHODS
Study site and spiders. This study was conducted in a paddy at the Tokyo University of Agriculture and Technology, in Fuchu, Tokyo, Japan, during the rice growing season from July to September 2000. Direct observations and investigations of insects and spiders were conducted in three 27.5ϫ11-m plots subjected to no-tillage treatment, as described by Ishijima et al. (2004) . All fields were irrigated on 1 May 2000. Rice (Oryza sativa L., variety Tsukinohikari) seedlings were transplanted on 15-19 May 2000, at a density of 16.7 hills/m 2 . Each plot was fertilized with 40 kg of N, P and K per hectare several days before transplanting the rice seedlings, and with 20 kg of N, P and K per hectare 40 d after transplantation. The herbicides Round-Up (Monsanto) and Sparkstar (Nissan Chemical Industries) were applied to each plot 3 wk before and 10 d after transplanting the seedlings, respectively. No insecticides or fungicides were applied throughout the experimental periods.
P. pseudoannulata and P. subpiraticus were the major predators at the study site during the growing season (Ishijima et al., 2004) . P. pseudoannulata is one of most important predators of leafhoppers and planthoppers in paddies Kiritani et al., 1972) . P. subpiraticus may also be an important predator of hoppers in paddies (Hamamura, 1969) . The two species commonly inhabit the basements of the rice plant tillers. Lycosid spiders constituted about 60% in number and 80% in biomass of all spiders collected at the study site (Motobayashi et al., 2006) .
Sampling and data collection. Insects and spiders were surveyed in the study field once every 10 d from July to September 2000 using a modified cylinder method (Southwood, 1978) . Thirty rice hills were randomly selected, and each mound was enclosed with a plastic frame (0.3ϫ0.4ϫ1.2 m) that was forced into the soil. All spiders and insects within this frame were then collected using a suction apparatus. All collected specimens were transferred into a glass vial containing 70% ethanol and identified in the laboratory. Numbers of Diptera include only adults, whereas numbers of other insects and spiders include nymphs and adults.
From July to September 2000, the diets of P. pseudoannulata and P. subpiraticus were surveyed by direct observations in the study field twice a month. Since the feeding behavior of spiders may differ diurnally, we conducted direct observations throughout each survey day. Direct observations were conducted for 50 min beginning at the following eight times: 09:00, 12:00, 15:00, 18:00, 21:00, 24:00, 03:00, and 06:00. We walked in the fields randomly, and whenever we found a feeding spider, we identified the prey item in the field to the lowest possible taxonomic level. At night, we searched for spiders using an electric flashlight. Lighting does not elicit predation to such an extent as to bias the diurnal rhythm of feeding activity (Kiritani et al., 1972) .
RESULTS
The insects and spiders collected in the study field are listed in Table 1 . N. cincticeps was the most abundant, followed by species of Chironomidae and Delphacidae. These insects comprised 22.9, 19.9 and 14.7% of all insects and spiders collected in the study field, respectively. The most abundant predator was the water strider Microvelia horvathi Lundblad, followed by P. pseudoannulata. These two species comprised 10.9 and 6.1% of all insects and spiders collected in the study field, respectively.
The monthly distributions of the insects and spiders collected in the study field are shown in Fig. 1 . In July, dipterous insects were the most abundant and comprised about 50% of all insects and spiders collected, while hoppers comprised over 30% of all insects and spiders collected. In August, the proportion of dipterous insects decreased rapidly, but the composition of hoppers increased to over 50% of all insects and spiders collected. In September, the composition of wolf spiders increased rapidly and was about 30% of all insects and spiders collected. Aquatic Heteroptera comprised about 20% of all insects and spiders collected throughout the investigation period.
The species and numbers of insects and spiders eaten by P. pseudoannulata and P. subpiraticus in the study field are listed in Table 2 . N. cincticeps was the most numerous prey consumed by P. pseudoannulata, followed by chironomids and Gerris sp. These prey comprised 34.9, 12.3 and 11.6% of all insects and spiders eaten by P. pseudoannulata, respectively.
The monthly diet composition of P. pseudoannulata is shown in Fig. 2 . In July, dipterous insects were the most numerous prey consumed by P. pseudoannulata and comprised over 50% of all insects and spiders eaten by this species, while hoppers constituted over 30%. In August, the proportion of dipterous insects decreased dramatically, and hoppers were the most numerous prey consumed by P. pseudoannulata, comprising over 60% of all prey. In September, predators such as wolf spiders and aquatic Heteroptera were frequently observed in the diet of P. pseudoannulata.
N. cincticeps was the most numerous prey consumed by P. subpiraticus, followed by chironomids and M. horvathi. These prey comprised 33.3, 12.8 and 10.3% of all insects and spiders eaten by P. subpiraticus, respectively ( Table 2) .
The monthly diet composition of P. subpiraticus is shown in Fig. 3 . In July, aquatic Heteroptera were the most numerous prey, comprising over 198 C. ISHIJIMA et al. Numbers in parentheses are the percentages of each insects or spiders in the diet. Fig. 2 . Seasonal changes in the diet composition of Pardosa pseudoannulata in the study field. The species composition is the same as in Fig. 1.   Fig. 3 . Seasonal changes in diet composition of Pirata subpiraticus in the study field. The species composition is the same as in Fig. 1. 40% of all insects and spiders eaten by this species. Dipterous insects were also numerous and comprised over 20% of the diet, followed by hoppers at about 10%. In August, the percentage of dipterous insects in the prey decreased dramatically, and hoppers became the most numerous prey consumed by P. subpiraticus, comprising over 70% of all prey. In September, as with P. pseudoannulata, predators such as wolf spiders were frequently observed in the diet of P. subpiraticus.
DISCUSSION
This paper presents the first observational evidence that spiders in paddies prey on dipterous insects including chironomids. Furthermore, our study is valuable for determining the extent to which the diet of spiders in paddies depends on dipterous insects. Previous studies have suggested that dipterous insects are an important alternative prey for spiders (Hidaka, 1990; Murata, 1995; Settle et al., 1996) , but no direct or quantitative observations have been reported until now.
The monthly composition of insects and spiders collected in the study field varied from July to September (Fig. 1) . In July, dipterans numerically dominated the collected insects and spiders. In contrast, in August, hoppers dominated. In September, the composition of predators, such as wolf spiders and aquatic Heteroptera, increased rapidly and comprised about 30% of all collected insects and spiders.
The diets of P. pseudoannulata and P. subpiraticus corresponded to the composition of insects and spiders collected in the study fields (Figs. 2 and 3 ), as expected from previous studies (Kiritani et al., 1972; Uetz et al., 1978) . In July, dipterous insects accounted for over 50% and over 20% of the diets of P. pseudoannulata and P. subpiraticus, respectively. Laboratory feeding trials have shown that Collembola from detritus in arable land constitute high-quality prey for spiders (Marcussen et al., 1999; Toft and Wise, 1999) . Experiments conducted in our laboratory indicated that the growth, development and survival rates of P. pseudoannulata and P. subpiraticus fed chironomids were higher than those of spiders fed N. cincticeps (Ishijima et al., unpublished) . Therefore, dipterans such as chironomids appear to be a major source of alternative prey for wolf spiders in early paddies.
Aquatic Heteroptera were one of the major groups in the diet of wolf spiders throughout the study period. In particular, water striders made up over 40% of the diet of P. subpiraticus in July. However, when P. pseudoannulata and P. subpiraticus were fed M. horvathi under laboratory conditions, wolf spider nymphs did not feed on M. horvathi at all. Adult spiders only attacked and restrained M. horvathi, and did not appear to consume this species (Ishijima et al., unpublished) . Kiritani et al. (1972) showed that hoppers accounted for over 80% of the diet of P. pseudoannulata from August to September. Their results were consistent with our study, in which hoppers comprised over 80 and 70% of all insects and spiders eaten by P. pseudoannulata and P. subpiraticus, respectively, in August. Furthermore, Ishijima et al. (2004) reported that the number of hoppers decreased more in no-tillage paddies than in conventional tillage paddies in August, when the density of wolf spiders increased rapidly in no-tillage paddies. These results suggest that wolf spiders may play a role in suppressing hopper populations. However, further studies are needed to confirm this hypothesis.
Recently, some ecologists have hypothesized that detritivores in agroecosystems serve as alternative prey for spiders early in the growing season when pest numbers have not yet increased; this helps to increase spider densities, which in turn would increase the predation pressure on herbivores (Wise, 1993; Riechert, 1999) . Our results support this hypothesis: the main prey of wolf spiders in paddies switched from dipterous insects to hoppers as the season progressed.
Among dipterans, chironomids were abundant in early paddies, and supplying more manure resulted in their propagation (Ikeshoji et al., 1980; Settle et al., 1996) . If habitat management, such as the addition of manure, enhances the densities of dipterous insects such as chironomids in paddies, this technique may serve as a new biological control strategy.
